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A novel molecule-based magnetic polymer Mgbtr), 1 (btr = 4,4-bi-1,2,4-triazole) was synthesized
and characterized crystallographically and magneticallgrystallizes in the monoclinic system, space
group P2y/c, formula GHgN1gMn, with a = 12.2831(4) Ab = 6.3680(1) A,c = 10.2245(3) A =
105.064(19y, andZ = 2. Bridged by end-to-end azides, the Mions form a two-dimensional layer with
(4,4) topology; the layers are further connected to the three-dimensional network by the weak hydrogen
bonds between ligands of btr. Magnetic studies on a polycrystalline sample show the existence of strong
antiferromagnetic couplings between the adjacent'Mans, and the Ndegemperature igy = 23.7 K.
In the ordered state below, detailed investigations on an oriented single-crystal samplerefeal
that the hidden spin-canting, metamagnetic transition, and spin-flop transition can appear in different
circumstances. The ground state is of an antiferromagnet with hidden spin-canting. An external field
applied along thé direction parallel to the manganese azide layer can lead to a first-order metamagnetic
phase transition, while a spin-flop transition may occur when the field is applied aloraj tiieection
that is perpendicular to the manganese azide layer. Magnetic phase diagrams in Goethithand the
T—HP planes were determined. Possible spin configurations before and after the transitions were proposed.
Analyses on the experimental data give the following intrinsic parameters: the intra- and interlayer coupling
J~ —3.,5 cnlandJ® =6 x 104 cm %, the anisotropy fielda = 0.2 kOe, the exchange fieldg =
387.8 kOe, and the anisotropy parameater= 5 x 104 The smallJ®* and a show 1 to be a good
example of a two-dimensional Heisenberg system.

Scheme 1. Sketches of the Spin-Canting, Metamagnetism
and Spin-Flop Phenomena

Introduction
Recent progress of the molecule-based magnetic materials
lead to extensive |n.ves.t|gat|ons.and thorough comprehensior . / f f“ * o> H.:1 f” f
on many new fascinating physical phenomena, such as theLii + +H+ + ':5+ THT T
exotic properties in the single-molecular magnets (SMM),

the single-chain magnets (SCKthe geometrically frustrated
magnets, etc. Molecule-based magnetic materials also T l T LHEHSF H>HCT T T T

spin-canting  hidden spin-canting metamagnetism

provide good examples to better understand some funda- T T

mental phenomena in magnetism (e.g., spin-canting, meta- = fH "
magnetic transitiorgpin-flop (SF) transition, etc3.'?> These spin-flop

three kinds of phenomena are simply sketched in Scheme 1.

Spin-canting means the noncollinear spin arrangements oMet moments aligned in antiparallel by weak AF interactions,
two sublattices of an antiferromagﬁ‘e?.lf more sublattices which are of secondary importance. A large external field

with noncollinearantiferromagnetic (AF) spin arrangements could overwhelm the weak AF interactions and turn the
are present and a ferromagnetic moment needs not to occur,

it is the hidden spin-cantingMetamagnet is the one with
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system to a ferro-, ferri-, aveakferromagnetic (WF) state, presence of competing interactions, while a small anisotropy
depending on the details of the spin alignments in the AF favors the spin-flop transitioh!' An appropriate balance
state?7%1%When a spin-flop happens, a field parallel to the between the crystallographic symmetry, the anisotropy, the
easy-axis of an antiferromagnet causes the spins to flop tonearest interactions, and the next-nearest interactions is
the direction perpendicular to4€.81112Although these three  needed to observe all of these three interesting magnetic
phenomena are mutually different in many aspects, there alsophenomena. Therefore, although there are some studies
exist some common features, such as the important role ofshowing the simultaneous presence of two of them (e.g., the
the magnetic anisotropy playing in all of them. Generally, a Spin-canting and spin-fié§ and the spin-canting and meta-
large anisotropy leads to a significant spin-canting through magnetism®can be simultaneously observed in one system),
increasing the possible antisymmetric superexchange interacfew reports concern all three phenomena in one single
tion and may induce a metamagnetic transition in the magnetic system. To the best of our knowledge, & Co
compound bridged by 1,2,4-trizaole is perhaps the only
(3) (a) Ramirez, A. P.; Hayashi, A.; Cava, R. J.; Siddharthan, R.; Shastry, reported example shoyvmg_ all three _phenomenfa together,
B.’S.Nature1999 399, 333-335. (b) Moulton, B.; Lu, J.-J.; Hajnd,  although the spin-flop in this system is not traditioffal.
R.; Hariharan, S.; Zaworotko, M. Angew. Chem., Int. EQ002 41, : : . - .
2821-2824. (¢) Atwood, J. LNat. Mater.2002 1, 91-92. (d) Grohol, Until now, the major emphasis concerning the design of
D.; Matan, K.; Cho, J. H.; Lee, S.-H.; Lynn, J. W.; Nocera, D. G.; the molecular magnetic materials is still searching for the
Lee, Y. S.Nat. Mater.2005 4, 323—-328 and references therein. ; i i ~i ; ;
(4) (@) Carlin, R. L.; Van-Duyneveldt, A. Magnetic Properties of proper _bndges . tO_ efficiently med|ate_ the. magne.tlc
Transition Metal Compound$pringer-Verlag: New York, 1977. (b) Interactions or to Convenlently construct various Interesting
Carlin, R. L. MagnetochemistrySpringer-Verlag: Berlin, 1986. structures. Among the most widely used short bridges (such
(5) For examples, see: (a) Rettig, S. J.; Storr, A.; Summers, D. A;; CN. N+ GO2. N(CN)-. et ide is th I
Thompson, R. C.; Trotter dl. Am. Chem. S0d997 119 8675~ S a7 C0s”, N(CN).", etc.), azide is the all-
8680. (b) Kurmoo, M.; Kepert, C. New J. Chem1998 1515-1524. important one, if not the most, because it has the abundant
(c) Batten, S. R.; Jenson, P.; Kepert, C. J.; Kurmoo, M.; Moubaraki, prp o ; :
B Marray, K. S.. Price, D. 1J. Chem. Soc., Dalton Tran4999 brldgmg modes and the' ability tg mediate s.trong' magnetic
2987-2997. (d) Kmety, C. R.; Huang, Q.; Lynn, J. W.; Erwin, R.  couplings. Structurally, it can bridge metal ions in e
W.; Manson, J. L.; McCall, S.; Crow, J. E.; Stevenson, K. L.; Miller, 11 (end-on, EO)Ltz-l,?) (end-to—end, EE)43-1,1,3, or other

J. S.; Epstein, A. Phys. Re. B200Q 62, 5576-5588. (e) Mito, M.; . . .
Kawae, T.; Takeda, K.; Takagi, S.; Matsushita, Y.; Deguchi, H.; Modes and may magnetically mediate antiferro- or ferro-

Eavr\]/sog,PIJ. M.; “F;ala\t/c_ilo,lﬂ?olyshecgorllIZOO&A 2?% 1509_135{ ® magnetic interactions with different magnitudes, depending
ichard-Plouet, M.; Viiminot, S.; Guillot, M.; Kurmoo, em. . H

Mater. 2002 14, 3829-3836. (g) Wang, X. Y Gan, L. Zhang, S.  ON thg bridging r_node and structural pgrameters. Furthe_rmqre,
W.; Gao, S.norg. Chem.2004 43, 4615-4625. (h) Wang, X. Y.; the different bridging modes may simultaneously exist in
Wei, H. Y.; Wang, Z. M.; Chen, Z. D.; Gao, $horg. Chem.2005 ;

44, 575-583. () Salah, M. B.: Viminot. S.. Andre. G. Bouree- the same compound. These features of azide have led to a
Vigneron, F.; Richard-Plouet, M.; Mhiri, T.; Kurmoo, Mihem. Mater. lot of polymeric architectures with various structures and
2005 17, 2612-2621. interesting magnetic behavigi%100.10e.13.1f o instance, the

6 Zora, J. A.; Seddon, K. R.; Hitchcock, P. B.; L , C. B.; Shum, . . . . .
(0) (@) Zora, J A L Inorg. Chem1990 20, 3302-3308. (b) Lowe, C. | two-dimensional networks with metal ions in the nodes of

B.; Carlin, R. L.; Schultz, A. J.; Loong, C. Knorg. Chem199Q 29, (4,4) squares bridged by EE azide are reported for several

3308-3315. (c) Schlueter, J. A.; Manson, J. L.; Hyzer, K. A.; Geiser, b,14 ; ~ s dpddad
U. Inorg. Chem 2004 43, 4100-4102. compoundg*Magnetically, the weak-ferromagnetisgi:

(7) (a) Kurmoo, M.: Kumagai, H.; Green, M. A.; Lovett, B. W.; Blundel, metamagnetisi,and paramagnetisitfhave been observed

S. J.; Ardavan, A.; Singleton, J. Solid State Chen2001, 159, 343~ in these materials. However, the magnetic characterizations
352. (b) Gao, E. Q.; Wang, Z. M.; Yan, C. Bhem. Commur2003 . N 9 . .
14, 1748-1749. (c) Zeng, M. H.; Zhang, W. X. Sun, X. Z.; Chen, X. ~ are not fully carried out owing to the lack of suitable big

M. Angew. Chem., Int. E®005 44 (20), 3079-3082. single crystals to perform the experiment.
(8) (a) Herweijer, A,; de Jonge, W. J. M.; Botterman, A. C.; Bongaarts, . .
A.L. M.; Cowen, J. APhys. Re. B 1972 5, 4618-4630. (b) Kopinga, On the other hand, a number of coligands are used to finely

K.; van Viimmeren, Q. A. G.; Bongaarts, A. L. M.; de Jonge, W. J.  tne the crystal structures and the magnetic properties of the
M. Physica B-C 1977, 86—88, 671-672. (c) Basten, J. A, van ry 9 prop

Viimmeren, Q. A. G.; de Jonge, W. J. NPhys. Re. B 1978 18, metal-azide systems, including the monocoordinated ligands
a17A9—2818_4- J(d)JEr;\?eIfri(est,’\Iﬁ. ;V.;\IGm?neV?gégV.sé_A ?{%gqgrédijk, (e.g., pyridine and its derivativEs#ad), the chelating ones

A Smit, J. J.; Nap, G. M. Z. Naturforsc . . T 5 . .. . .
(e) Carlin, R. L Joung, K. O.; van der Bilt, A; del Adel, H; (8-0-» 2,2bipyridine®and 2,2-bipyrimidine®®), the bridging
O’Connor, C. J.; Sinn, E1. Chem. Phys1981, 75, 431—439. (f) Tian, ones (e.g., 4/4bipyridine'” and pyriziné?), etc. Here we

Y. Q.; Cai, C. X.; Ren, X. M.; Duan, C, Y.; Xu, Y.; Gao, S.; You, X. ; ; i _
7 Ghem. Eur. 32003 9, 5673-5685. report that by using a coligand btr (btr 4,4-bi-1,2,4

(9) Stryjewski, E.; Giordano, Nady. Phys.1977, 26, 487—650. triazole), a new coordination polymer Mn{Xbtr), (1) was

(10) (a) Kou, H. Z.; Gao, S.; Sun, B. W.; Zhang,Chem. Mater2001,
13, 1431-1433. (b) Gao, E. Q.; Yue, Y. F.; Bai, S. Q.; He, Z.; Yan,
C. H. J. Am. Chem. SoQ004 126, 1419-1429. (c) Pereira, C. L. (13) Ribas, J.; Escuer, A.; Monfort, M.; Vicente, R.; Cait®.; Lezama,

M.; Pedroso, E. F.; Stumpf, H. O.; Novak, M. A,; Ricard, L.; Ruiz- L.; Rojo, T. Coord. Chem. Re 1999 193-195 10271068 and
Garcn, R.; Rivige, E.; Journaux, YAngew. Chem., Int. EQ2004 references therein.
43,955-958. (d) Toma, L.; Lescaec, R.; Vaissermann, J.; Delgado, (14) (a) Escuer, A.; Vicente, J. R.; Goher, M. A. S.; Mautner, Finarg.
F. S.; Ruiz-Peez, C.; Carrasco, R.; Cano, J. Lloret, F.; Julve Q¥iem. Chem.1995 34, 5707-5708. (b) Escuer, A.; Vicente, J. R.; Goher,
Eur. J.2004 10, 6130-6145. (e) Zhang, Y. Z.; Gao, S.; Sun, H. L.; M. A. S.; Mautner, F. A.Inorg. Chem.1996 35, 6386-6391. (c)
Su, G.; Wang, Z. M.; Zhang, S. WChem. Commur2004 1906— Escuer, A.; Vicente, J. R.; Goher, M. A. S.; Mautner, F.lAorg.
1907. Chem.1997, 36, 3440-3446. (d) Escuer, A.; Vicente, J. R.; Goher,
(11) Carlin, R. L.; van Duyneveldt, A. Acc. Chem. Re4.98Q 13, 231~ M. A. S.; Mautner, F. AJ. Chem. Soc., Dalton Tran$997, 4431—
236. 4434. (e) Goher, M. A. S.; Abu-Youssef, M. A. M.; Mautner, F. A.;
(12) (a) Engelfriet, D. W.; Groeneveld, W. L. Z. Naturforsd®978 33A Vicente, R.; Escuer AEur. J. Inorg. Chem200Q 1819-1823.
845-854. (b) Balanda M.; Falk K.; Griesar K.; Tomkowicz, Z.; Haase (15) (a) Corts, R.; Urtiaga, K.; Lezama, L.; Pizarro, J. L.; Gor;
W. J. Magn. Magn. Mater1999 205 (1), 14-26. (c) Manson, J. L.; Arriortua, M. I.; Rojo, T.Inorg. Chem.1994 33, 4009-4015. (b)
Huang, Q. Zh.; Lynn, J. W.; Koo, H. J.; Whangbo, M. H.; Bateman, Viau, G.; Lombardi, M. G.; De Munno, G.; Julve, M.; Lloret, F.; Faus,
R.; Otsuka, T.; Wada, N.; Argylou, D. N.; Miller, J. 3. Am. Chem. J.; Caneschi, A.; Clemente-Juan, J.@Ghem. Commurl.997 1195-

Soc.2001 123 162-172. 1196.
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synthesized and characterized structurally and magnetically.3123m, 2089s, 1525w, 1501w, 1296w, 1086m, 1072w, 1005m,
It is a two-dimensional compound of the (4,4) topology with 960w, 860m.
the Mr#* ions bridged by EE azide. Magnetic measurements  Caution: Although it is not encountered in our experiments, azide
on a polycrystalline sample and a well-shaped single crystal salts are potentially explos_ive. Only a small amount of the materials
show thatl undergoes a transition from paramagnetism to a Should be prepared, and it should be handled with care.
long-range ordering state at the Mesmperaturely = 23.7 Single-Crystal X-ray Crystallography. The diffraction intensity
K. Careful investigation in the ordered state reveals the data collection forl and the identification of the lattice axes

) orientation with respect to the morphology of the single crystal

coexistence of the above-mentioned three interesting phe-Welre performed on a NONIUS Kappa-CCD with Maadiation

nomena (spin-canting, metamggnetism,_and spin-flop) in this (A =0.71073 A) at 293 K. The structure was solved by the direct
molecular system. On the basis of a series of measurementSyethod and refined by a full matrix least squares technique based
we determined the magnetic phase diagrams in both theon F2 ysing the SHELXL 97 program. The hydrogen atoms of btr
T—H= and theT—HP planes and suggested the possible spin were added to calculated positions. The crystal has long plate shape
configurations before and after the transitions. Furthermore, with the bc plane within the plate, the axis along the long axis of
we analyzed the experimental data in the framework of the the sample, ana* perpendicular to the plate (Figure 1a). The
molecule field theory and discussed the origin of the spin- crystallographic data of are listed in Table 1 (CCDC-277083
canting, the metamagnetism, and the spin-flop transition. The This can be obtained free of charge at www.ccdc.cam.ac.uk/conts/
intrinsic parameters of this magnetic system, such as thez:et”fv'“gl'zht“l]' [or gomd t'ée Cbaf‘;b”dggzclrésztatolgr?;t‘ﬁ Data
. . . . entre, 12, Union Road, Cambridge , ; 44—
'n”a' and Interlay_er Interac.tlonsi nd ), the ex.Change 1223/336-033; e-mail, deposit@cc%c.cam.ac.uk]). Also, the CIF
field (Hg), the anisotropy field Hl4), and the anisotropy f . . K
ile of 1 can be found in the Supporting Information.
parameter ) were deduced successfully. The rather small
a gnd the rat|oJa*/J. ensure thatl is a two-dimensional Results and Discussion
Heisenberg magnetic system.
Crystal Structure. Single-crystal X-ray diffraction reveals
Experimental Section that1 crystallizes in the monoclinic space groBg:/c, and
the layer structure (Figure 1) is quite similar to those reported

General Remarks. All starting materials were commercially compounds with (4,4) layers constructed by metal ions and
available, reagent grade, and used as purchased without furtherEE azido Iinkers?bvi“' Each M ion is located in the

purification. The ligand btr was prepared according to the literature . . . .
method!® Elemental analysis of carbon, hydrogen, and nitrogen inversion center (Figure 1b) and octahedrally coordinated

was carried out with an Elementary Vario EL. The micro-infrared PY four bridging EE N within the layer and two terminal
spectroscopy studies were performed on a Magna-IR 750 spectro-0tr ligands above and below the layer via one of their N
photometer in the 4008500 cnT! region. Variable-temperature ~ atoms in the triazole ring. The Mn\ctahedron is slightly
magnetic susceptibility, zero-field ac magnetic susceptibility mea- compressed with four long MaN bonds of MNnEN1 =
surements, and field dependence of magnetization on a polycrys-Mn1—N1C = 2.243 A, Mn1:-N7 = Mn1—-N7C = 2.233 A
talline sample and a carefully oriented single crystal were performed and two short ones of MAN9A = Mn1—N9B = 2.200 A

on an Oxford Maglab 2000 System or a Quantum Design MPMS i which the N atoms belong to one pair of azido. The cis
XL-5 SQUID system equipped with a horizontal rotator sample N_—pp—N angles range between 87.75 and 92\®ile the
holder. All experimental magnetic data except for the rotation data trans ones are of ideal 180The neutral 2D (4,4) layer lies

were corrgcted for the dlamag’netlsm of the sample holders and ofin thebc plane, with theb andc axes crossing two diagonal
the constituent atoms (Pascal’s tables).

SynthesisA 5 mL of water solution containing MngH,O gneshqfr:he g?ﬁs .(Tgt”e 1C'\)/I.\./\.I:\t/|h edQQtes of 6'0236'0ng
(0.3 mmol) and Nah! (0.6 mmol) was added to 5 mL of DMF , Which are the intralayer Vivin distances spanned by
(DMF = N,N-dimethylformamide) solution containing 0.3 mmol EE azido ions. There_ are two _structurgl fea_ttures tha_t are
of btr and stirred for about 20 min. Some precipitates were removed 'elated to the magnetic properties bbeing discussed in
by filtration. Slow evaporation of the filtrated solution at room detail later. (i) The EE azido bridges can, as having been
temperature gave well-shaped hexagonal large (up to<420x well demonstrated, efficiently intermediate AF coupling
0.5 mn?) single crystals ofl in 2 weeks, yield 60%. Anal. (%).  between the M# ions’®! (ii) Because of the lack of
Caled for GHgNigMn (411.26): C, 23.27; N, 61.31; H, 1.96. inversion center halfway of the adjacent spins and the axes
Found: C, 23.52; N, 61.87; H, 2.10. IR (micro-spectrum): 3430w, of adjacent MnN octahedra are tilted with each other (the
torsion angle M—Mn—Mn—Ny, is 74.60), the weak-
(16) (a) De Munno, G.; Julve, M.; Viau, G.; Lloret, F.; Faus, J.; Viterbo,  ferromagnetism due to spin-canting, originated from the

D. Angew. Chem., Int. Ed. Engl99§ 35, 1807-1810. (b) Corts, antisymmetric interaction and the existence of an anisotropy,

R.; Lezama, L.; Pizarro, J. L.; Arriortua, M. I.; Fojo, Angew. Chem., ) 3
Int. Ed. Engl.1996 35, 1810-1812. (c) De Munno, G.; Poerio, T.;  is allowed*2%2!Several reported compounds with 2D (4,4)

Viau, G.; Julve, M.; Lloret, F.; Journaux, Y.; Rivie, E. Chem. layer of Mr?* and EE azide do behave as weak-ferro-
Communl1996 2587-2588. b 14ad
(17) (a) Han, S.; Manson, J. L.; Kim, J.; Miller, J. Borg. Chem200Q magnets’

J. L.; Serna, Z. E.; De Larramendi, J. I. R.; Arriortua, M. I.; Rojo, T.; . .

Cortes, R.Inorg. Chem2001, 40, 4109-4115. (c) Fu, A. H.; Huang, between N6 of btr in one Iayer and €H1 of btr in the

X.Y.;Li,J.;; Yuen, T.; Lin, C. L.Chem. Eur. J2002 8, 2239-2247. adjacent layer (Figure 1d). The H-bond geometries are the
(18) (a) Manson, J. L.; Arif, A. M.; Miller, J. SChem. CommuriL999

1479-1480. (b) Hao, X.; Wei. Y. G.; Zhang, S. \’Chem. Commun.

200Q 2271-2272. (20) (a) Moriya, T.Phys. Re. 1960 120 91-98. (b) Moriya, T.Phys.
(19) Haasnoot, J. G.; Groeneveld, W. L.Naturforsch.1979 34h, 1500 Rev. 196Q 117, 635-647.

1506. (21) Dzialoshinski, 1.J. Phys. Chem. Solids958 4, 241-255.
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Figure 1. (a) Morphology of the single crystal df. (b) Local environment of Mn with atoms labeled. (c) The (4,4) networkdrplane bridged byEE
azide. btr is omitted for clarity. (d) 3D structure dfwith weak C-H---N bonds. Only several btr are depicted for clarity.

Table 1. Crystallographic Data for Compound 1 — 5
formula GHsgN1gMn crystal size [nm?] 0.18 x 0.25x 0.40 0.06
M [gmol™Y]  411.26 u(Mo Ko) [mm~1]  0.899 T [ 4
crystal system monoclinic  measured refl. 12944 <
sp}a:\ce group P2i/c independent refl. 1773 < Z““l
alA] 12.2831(4) observed refl. 1363 e . L3
b[A] 6.3680 (1)  no.of parameters 125 g 0.04% o Polycrystlline ;‘
c[A] 10.2245(3) GOF 1.026 ® - H=1kOe 3
B 105.064 (1) max/min (&3  0.209/0.199 = 2
VI[AT] 772.27(4)  Tomad Trin 0.854/0.810 o . 3
z 2 R1P 0.0262 — 0029 o TPugg, °
Pealcd[g-cmM™3]  1.769 WR2e 0.0687 ?3_‘- TPofopel T
aQbservation criterion: = 20(1). °R1L = S||Fo| — |Fd||/S|Fol, for A
observations¢ WR2 = {3 [W(Fo? — FA)3/ 3 [w(Fsd)3} 2 for all data. o0F————v—r—+—+—1—++— — 0
0 50 100 150 200 250 300
distances of N6-H1 and N6--C1 being 2.62 and 3.19 A, T/K

resptlectlveI);], anfd the €H---N angleh O(l; 126, ESChdbtr th Figure 2. Temperature dependencesy@f andyuT for a polycrystalline

one layer thus forms two €H-N ydrogen bonds WIth  sample. The line acrosgT curve represents the best fit by Line’s mode.
two btr ligands in the adjacent layer, giving the corresponding

mterlaygr Mn--Mn d!stances.of 12.430 A. Thuls,.from the mol™t) at ca. 42 K, theyy decreases slightly with decreasing
ylewpomt of magnetism, the interlayer magnetic |n.teract|on temperature till 24 K, then increases abruptly to a peak at
is expected to be very weak compared to the intralayer about 22 K, and decreases again slowly to a constant value

Interaction, giving a good example of a locaF= 5/2 2D of 0.041 cni mol* below 15 K. The sharp peak indicates
Heisenberg magnetic system. However, at low temperatures .
the occurrence of a long-range ordering state below 24 K,

the weak interlayer exchange interaction, mediated by either ™~ i >
Y d 4 which may be caused by the spin-canting. Thd value

dipole—dipole interaction om-bonds?® does play an im-
portant role in tuning the complicated magnetic behavior of decreases gradually from the room temperature value of 3.95

1 cnm® mol~1 K, lower than the spin-only value 4.375 émol?*

Magnetic Properties: dc and ac Susceptibility of a K for Mn?* of S= 5/2, to a minimum at 25 K, and then
Polycrystalline Sample. The temperature-dependent sus- increases to a peak at 22.5 K with a further decrease till 2
ceptibility of a polycrystalline sample in-2300 K under an K. Fitting of the data above 100 K with the CurigVeiss
applied field of 1 kOe is shown in Figure Z(T(T) and law givesC = 4.77 cn¥ mol™! K and a negatived) = —
am(T)). After reaching a broad maximung(ax= 0.037 cni 60.8 K, indicating a strong intralayer AF coupling.
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Figure 3. Temperature dependences of the ac susceptibility for a E 0.02+
polycrystalline sample.

To evaluate the intralayer magnetic coupling consthnt 0 " 930 " 180
between the M# ions, the theoretical estimates for the N
Heisenberg lattice witls = 5/2 in a (4, 4) layer were given 10 T a
by de Jough and Miederffaas the following equations with o/°
the HamiltonianH = —3% 3;dS-S:

Figure 4. Angular dependences of magnetization under 1 kOe irathe
plane at different temperature® (= 0°, H // ¢).

J
KTi /I51S(S+ 1) = 2.05 1
Otmax) /51 ) 1) 10
] 09- 0.08-
S|ING?8? = 0.0551 2 )
Tmal5lINGB (2) 08 006l
0.7-

In egs 1 and 2k, N, g, and$ have their usual meanings. ]
ymax @and T(ymax) are the observed susceptibility maximum 0.6
and the temperature of the maximum, sayjgx = 0.037 :f_n 0.54 0.02]
cm® mol™t andT(ymay = 42 K. We obtain) = —3.26 cn1t ~ 04]

and—3.10 cm! (takingg = 2.00), respectively. Furthermore, § ’

0.041

the high-temperature susceptibility data were also fitted to 0.31
the high-temperature series expansion of Lihéw anS= 0.2
5/2 AF (4,4) layer using 0141
1 O.OC ey

NgZﬁZT(SX e G @) 0 10 20 30 40 50
H / kOe

+3
= anl
. Fi 5. Field d fth izatio & al hea*, b,
with x TIISS + 1), C1 = 4, C, = 1.448,C; = 0.228, alngdu(;eaxe& ield dependences of the magnetizatio2 & along thea

C, = 0.262,Cs = 0.119, andCs = 0.017. The best fitting

givesJ = —3.35(1) cnmt andg = 2.024(1), withR= 6.7 x Figure 1a. The orientation accuracy of axes were estimated
10° [R=[3((Tobs — (¢ Ncaid?Z ((xTobg?]- All of theseJ several degrees during the measurements.

values obtained above are in agreement with each other and petermination of the Magnetic Axes.Since the space

xT=

are comparable with those related Mreompounds:! group of1 is P2y/c, the 2-fold axis of the monoclinic lattice
The temperature dependences of the in-phgsg @nd (p) js necessarily one of the magnetic axes. The other two
the out-of-phasey('v) ac magnetic susceptibilities unddic axes may be determined from the extremes of the magnetiza-

= 0 Oe antH,: = 3 Oe with frequencies 666 and 1633 Hz  tjon in theacplane. As can be seen from the results measured

were measured from 2 to 60 K, as depicted in Figure 3. The iy 1 kOe at 2, 10, 20, and 30 K (Figure 4), these extremes

¥'m exhibits a broad maximum around 40 K and a sharp peak \yere found to be along the* (© = 90°) andc (© = 0°)

at Ty = 23.7 K; andy"w also shows a broad peak between gjrections. Thus, the crystallographic axas b, andc are

20 and 30 K, again indicating the onset of long-range the magnetic axes. It should be noted here, thaathaxis

ordering state. is perpendicular to the manganese azide layers as they are
Magnetic Study upon Single Crystal of 1.The measure-  parallel to thebc plane. Hereafter we use the symidi to

ments were performed on a single crystal of 1.56 mg with represent the magnetic paramefealong the directiorB
the lattice axes orientation and the morphology sketched in g+ 1 or ).

(22) Silvera, 1. F.. Thomley, 3. H. M. Tinkham, NPhy. Re. 1064 136 Field Dependences of the dc MagnetizationThe field

AB95—AT10. dependences of the magnetizatitf(H) measured with
(23) Harrison, A.; Clarke, S. J.; Mason, T. E.; Visser,JDMagn. Magn. increasing the fields up to 50 kO¢ 2 K along thea*, b,
(24) De Jough, L. J.; Miedema, A. Rdv. Phys.1974 23, 1-260. and c axes were displayed in Figure 5. Alorg the

(25) Lines, M. E.J. Phys. Chem. Solids97Q 31, 101—106. increases slowly from zero to ca. 0.006at 1 kOe, after a
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jump up to 0.039¢s at 1.4 kOe, it increases linearly to 0.366
us till 50 kOe, which is far from the expected saturation
valueMs = 5.0 ug for one Mr#* ion. The extrapolation to
zero field of the data in high fields has a positive intercept
(0.031 ug) to the M axis, indicating a WF behavior. No
hysteresis loop arourtd = 0 Oe was observed. T\ curve
below 1 kOe is coincident witM°, however, it increases to
0.321ug in 50 kOe showing no deviation from the linearity.
As for M¥, it increases more slowly thav® andM¢ do till
about 8 kOe, and then after increasing gradually with the
field until 14 kOe, it goes coincidentally witkic. Different
from MP, the extrapolation oM in the high fields goes
straightly across the origin, suggesting no net moment is
generated during the phase transition. 0.15
This kind of field-dependent behavior is quite interesting.
First, the maximum (0.36@g) of the magnetization at 50
kOe is only about 8% oMs, indicating the strong R 0.10
couplings between the Mhions. Second, the magnetization .
behaviors along three axes are different from each other. In -~
the low field region H < 1 kOe), MP and M¢ seem to be =
identical and larger tharvi®. It is evidenced for an
antiferromagnet with spins parallel to th& axis. When the
applied fields are in the middle region (1 kGeH < 14
kOe), MP departs fromM¢ through a sudden jump. The 0.00 F5—— .
further increase of the field$i(> 14 kOe) results in another 0 5 H /1|20 15 2
spin state: MP remains the largest, whils1® and M°¢ are e
now almost equal. From the maximums of tid/dH curves,
the critical fields H.) for the transitions 82 K with fields

Figure 6. Field dependences of the magnetization alongtheda* axes
at different temperatures.

alongb anda* are determined to bE (2 K) = 1.2 kOe 0.20 "
andH& (2 K) = 12.5 kOe, respectively. As will be discussed | 0.20- —o—H/la
in detail later, the transition alorigreflects a metamagnetic —o=—=H//b
transition from an AF state in the form of a hidden spin- =  0.15- 0.15{ —treH/lC

canting to a WF state due to the emergent spin-canting. The ©

transition with field alonga* is likely a spin-flop one with e

an external field parallel to the spin alignment for an "’E 0.10+
&

—v=Poly.

antiferromagnet:!

To obtain more information of the magnetic phase transi- =
tions, the field dependencesdP(H) andM¥ (H) at different = 0.054 @
temperatures were investigated carefully upon both sweeping
up and down of the applied field. As shown in Figure 6a,

all the MP curves below 24 K have similar characters as that 0.00 —— 77— 77—

at 2 K, showing an abrupt transition at the critical fielg. 0 50 100 150 200 250 300
TheHc° and the magnetization above 1.2 kOe decrease with T/ K

increasing temperature from 2 to 22 K. At 30 K {Ty), M? Figure 7. Temperature dependences of the susceptibilities along*the

increases linearly without any transition, showing a para- b, andc axes together with that for a polycrystalline sample.

magnetic behavior. Most interestingly, we observed a (H:2") as mentioned before and determine part of the phase

hysteresis behavior > whenH:* was approached from  poundaries in the magnetic phase diagram in FheH ™
the fields below or abovEl . Consequently, we can get two plane.

differentH° values, He’)up and He)aown, at each tempera- Temperature Dependences of the dc Magnetic Suscep-
ture. The width of the loop defined b&H = (Hc’)up — tibility and Magnetization. The temperature dependences
(H)aown at 2 K is AH = 50 Oe. These datal( Hc") of the susceptibilityy from 2 to 300 K under 1 kOe along
determine part of the phase boundaries inTheH® plane,  three magnetic axes are displayed in Figure 7, together with
and these twaic® values give a narrow critical region with  the result for the polycrystalline sample. At high temperatures
two phases mixed (Figure 10, vide post). (>40 K), the curves all show broad peaks at about 40 K

Along a* (Figure 6b), the situation is somewhat similar and almost superpose together, reflecting the AF coupling
to that alongh: the higher the temperatures, the less and the isotropic behavior of tf& ground state of M#'.
pronounced the transitions; and the transition disappearsUpon temperature going down from 30 Iy values are
above Ty. Different from MP, no hysteresis loops were anisotropic.yy® shows a small peak at 23.7 K and then
observed iV, Besides, we can estimate the critical fields decreases further toward zero at 2 ju¢ has a more
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Figure 8. Temperature dependences of magnetization under different
fields: (@)H // b and (b)H // a*.
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Figure 9. (a) Angular dependences of the magnetizatioa*plane at 2

pronounced peak at 23.7 K, and then after a small decreaseK under different external fieldsg = 0°, H // ¢). (b) Angular dependences

it remains almost constant till 2 Kyy° displays a more
complex behavior with two magnetic phase transitions. On
cooling yw" first increases abruptly from 0.038 émol~*

(25 K) to 0.160 cm mol™! (16 K), and then it decreases
rapidly to 0.044 crimol™* at 14.5 K and keeps almost
constant till 2 K. Below 14.5 KyuP° andyy® are almost equal,
and higher tharyw®. This behavior is consistent with an
AF ordered systemyu® represents the parallel susceptibility
¥, and bothyw® andym® are the perpendicular ongs. This
observation is consistent with the results friffH) at 2 K
and confirms that tha* axis is the easy-axis in the AF state.
However from 14 to 24 K, the observed spontaneous
magnetization is stronger along thexis, intermediate along
the ¢ axis, and not present along th& axis. This implies
that a WF state is formed along tleaxis. Incorporating
the metamagnetic behavior alobgliscussed above, we may

of the magnetization ibc plane: under 1 kOe at 10, 20, and 30 K and at
20 K under different external field€&(= 0°, H // b).

Oe alonga*. The magnetization was measured in both
cooling and warming procedured®(T) was not checked in
this batch because the lingdf(H) (Figure 5) provided less
information we presumed. The measurement results are
presented in Figure 8.

As shown in Figure 8a, in low external fields (50, 100
Oe), M(T) shows a peak at ca. 24 K. The WF region is
very narrow, and the state below 24 K is mostly the AF state.
The field-cooled and zero-field-cooled magnetization reveals
no significant difference. Although the small signal of our
small single-crystal sample prevents us from measuring the
magnetization using very low field, it seems that the WF
region will disappear when the external field becomes zero.
When the applied field is stronger, the WF region becomes

attribute these phenomena to a hidden spin-canting with fourwider. For the external fields we used, the width of the WF

antiferromagnetic sublattices. Under 1 kOe, the AF region
with the hidden spin-canting falls in the temperature region
2—14 K, and the WF region with the net moment aldnig

in the region of 14 to 24 K.

Furthermore, the magnetizatioM®(T) and M (T) at
different fields in comparison t&(H) results were inves-
tigated in temperature region of 40 K 2 K when the
external fields were in 562000 Oe alondp and 106-12000

region reaches the maximum whien= 1.1 kOe. The further
increase of the fieldX 1200 Oe) removes totally the AF state
above 2 K, and only the WF state is kept. The critical
temperature ) for the AF to WF transition and the éé
temperatureT\®) are deduced from the positive and negative
peaks on M/dT, respectively. Since the transition from the
paramagnetic state to the magnetically ordered state is hardly
influenced by the external field, the’BletemperatureT)



6376 Chem. Mater., Vol. 17, No. 25, 2005

a 20000

H Il a*

15000+

10000+

H" | Qe

5000+

0

"5 10 15 20 25 30 35 40

T/IK

0

1500

wr Hilb

10004

H’ | Oe

500+

25 30 35 40

T/K

Figure 10. Magnetic phase diagrams: (&) // a* and (b)H // b. The
squares and dots are from th&H) curves and the triangles are from the
M(T) curves. The blue region iffHP) is the critical domains where the
hysteresis loops can be observed. The full lines are just to guide the eye.

changes little with the external field. Howevag? strongly
depends on the external field: the higher the field, the lower
the T,°. These pointsTP?, H) and (T\®, H), together with
those T, HY) data from the isotherm&li®’(H) measurements,

Wang et al.

those alongb. These dataT, H) and (T\®, H) give the
boundaries of the phase diagram in fheH® plane, as in
the T—HP plane.

Angular Dependences of the Magnetization in the*c
and bc Planes.The metamagnetic transition from the AF to
WEF state and the spin-flop transition should be associated
with the change of the spin axes. To further characterize them
in detail, the angular dependences of the magnetization in
the a*c and bc planes were investigated under several
external fields at different temperatures.

As discussed above, tla¢ axis is the easy-axis in the AF
state, and the anisotropy in tha&*c plane is reduced
significantly when the external field increases up to 14 kOe
(see Figure 5). To further prove this, angular dependences
in the a*c plane @ 2 K under several fields from 1 kOe to
40 kOe were measured and depicted in Figure 9a. It is clear
that under lower fields, say 1 and 5 kOe, the extremes are
found with® = 0° and 90 and the easy-axis is still along
the a* axis. When the external field is very highl (= 20
kOe), the difference between the magnetization akngnd
c is reduced and tha*c plane becomes almost isotropic.
Now the extremes of magnetization are no longer aléng
= 0° or 90, reflecting the departure of magnetic axes from
thea* andc axes. When the field is 10 kOe, the maximum
remains along the direction @ = 0°) and the minimum
moves to another directior® = 104°). When the field is
larger than 10 kOe, an even more complicated behavior was
observed. For example, there are four local extremes
observed wheH = 15 kOe @ = 28 and 124 for the
minimum, and® = 0° and 60 for the maximum). The exact
reason for the change of the extremes is not clear now, but
we think it might originate from the spin configuration in
the SF state and the domain structurelof

In thebc plane, the angular dependences of the magnetiza-

complete the boundaries of the magnetic phase diagram intion confirm the metamagnetic transition. First, the magne-

the T—HP plane.

Similar to the loops inMP(H) curves, an obvious hysteresis
effect, which is clearly seen from the curve measured under
800 Oe, and more obviously in those under 1.0 and 1.1 kOe,
can also be observed M°(T). Defined byAT® = (TP)up —
(Te")down the widths of the loops in 1.0 and 1.1 kOe &>
= 0.8 and 3.8 K, respectively. The existence of this kind of
loops indicates that the phase transition occurs at different

tization was measured under 1 kOe at 10, 20, and 30 K
(Figure 9b). At 10 K, the magnetization is maximum along
¢ (® = 90°) and minimum alondg (© = 0°). At 20 K, a
significant change happens. The maximum now changes to
b (® = 0°) and the minimum along a wide range of direction
(50° < ® < 140). A further increase of the temperature up
to 30 K in the paramagnetic region changes the situation
back. The difference between the magnetization almagd

temperatures depending on whether the transition region isC @xes at 10 and 30 K is actually very small (about 7% and

approached from the high- or low-temperature side. Accord-
ing to Levinsore® the phase transition from AF to WF state
is of first order.

Along thea* direction (Figure 8b)M¥(T) shows a peak
near 24 K and decreases smoothly further in lower fiettls (
= 100, 1000, and 2000 Oe). The higher field stretches the
peaks to a broad platform, and the higher the field, the wider
the platform. Fields higher than 12 kOe totally remove the
AF state, and thuM¥ (T) increases monotonically from 24
to 2 K. No hysteresis effect was observed alafg Also
from the curves of M/dT, T, and Ty® can be obtained.
The field dependences d{® and T are quite similar to

(26) Levinson, L. M.; Luban, M.; Shtrikman, $hys. Re. 1969 187,
715-722.

4% of the magnetization). It means that in the AF and
paramagnetic states, thlec plane is almost isotropic.
Furthermore, we measured the angular dependences of
magnetization in théc plane at 20 K under different external
fields (see also Figure 9b). Under low fieldsg00 Oe), the
bc plane remains isotropic and the magnetization along
(@ = 90) is slightly larger than that alon. When the
field increases to 800 Oe, a strong anisotropy is induced by
the field. The magnetization is maximum alobg® = 0°)
and decreases quickly to the minimum in thé 220 <
168 region. A further enhanced field to 1 kOe widens the
region of the easy-magnetization.

Now several fundamental aspects are confirmed clearly.
First, the easy-axis in the AF state is aloat. This is
consistent with they, andyp for a normal antiferromagnet
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below the Nel temperature. Second, in the WF stdies increase of temperature or field will cause the phase transition
the easy-magnetization direction, which means that the netto the SF phase. The regioR represents the paramagnetic
weak ferromagnetic moment is aloig Third, an increase  phase at high temperatures and normal fields. Similar, but a
of the field (e.g., at 20 K, the field up to 800 Oe, Figure 9b) little bit complex, phase diagram is obtained in fheHP
will lead to the metamagnetic transition to the WF state from plane. Now, the regiolWF corresponds to the weak-
a hidden spin-canting state. Because of the same energetiéerromagnetic state where the hiding of spin-canting is
effect of the field and the temperature, an increase of the broken. The transition betweekF and WF states should
temperature under a constant field will cause the transition be of first-order because of the observation of different
too (e.g., from 10 to 20 K under 1 kOe, Figure 9b). hysteresis effect iMP(H) andMP(T) curves?® Interestingly,
Consequently, all the experimental results can be understoodhe hysteresis effect leads to a narrow critical regbim
in the frame of hidden spin-canting, metamagnetism, and the T—HP plane. As the system passes through this region
spin-flop states. from one side to the other, a phase transition achieves only
It is now convenient to briefly compare the fundamental when the system leaves this region. Thus, we can conve-
aspects of with the well-known phenomenon named Morin  niently estimate the widthAH> andAT:") of the hysteresis
transition?2-2” This transition afTy is specific toa-FeOs;, loops inMP(H) and M®(T) curves under a certain condition
characterized by a change in magnetic structure from a WFfrom this phase diagram.
state at high temperatures, with the spins lying in the basal Because the available maximum field 50 kOe of our
plane (111) and slightly canted, to a pure AF state at low SQUID system cannot induce transition from tleor WF
temperatures, with the spins parallel to the [111] direction. to P state, the region§F and WF have only part of the
The similar transition has also been observedke,0O; and boundary to the phade. However, we can infer that there
CuB;0,.2829 Although the main properties, including the should be a higher critical field which can enforce th&e
spin-canting, the spin-flop, and the field dependent behavior, andWF states to the paramagnetic phase, as will be discussed
of 1 and o-Fe0z are similar, they are distinguished from below.
each other in the following. (i) The canting is intrinsic for
1, and the ground state is an AF state with hidden spin- Discussion
canting. While fora-FeOs, the canting can exist only dt
> Tm, and the ground state at low temperatures is a pure
AF state. (ii) The spin-flop ofL can only be induced by
external fields parallel t@*, while in a-Fe0Os; it can be
induced either by temperature or external fields, which was
confirmed by the zero-field neutron diffraction and d4s
bauer spectrum studi@¥:¢
Magnetic Phase DiagramLet us summarize the obtained
magnetic feature of this material. The magnetic interaction
between adjacent Mh ions through the EE azide is clearly
antiferromagnetic, and the interlayer coupling should also

bet\)/v ea;]k af tlgerrog\agnetlc.”The n;]:?tgnetm axEs were foundj, which are located on different sublattices. The structural
to be thea®, b, andc crystallographic axes. The AF, WF, o o416 of1 is allowable for both, but we will demonstrate
SF, and paramagnetic state were observed in this UNiquUe 40w that the DMI dominates the spin-cantinglin

system under certain conditions. The phase transition from Considering the DM interaction, the Hamiltonian to

paramagnetic state to a long-range ordered state occurs afi < ripe this magnetic system can be written as
Tn = 23.7 K regardless of the external field. Beldw, the

lower temperature and field stabilize the AF state, while the g = — . ) —§ PSS —
higher temperature and field stabilize the WF or SF state. ZJ(SF $’+ S §c) ZJ Sl qa) - —=
From the systematic measurementsv(T) andM(H) along ZD‘J'[Si x S] - g”BH'Zsﬂ )
a* andb, we obtained a series of (H¥") and (T, H) critical
values, which produces the magnetic phase diagrams in th
T—H2 and T—HP planes (Figure 10).

In the T-H¥ plane (Figure 10a), there are three regions:
AF, SF, andP, respectively. The regioAF corresponds to
the hidden spin-canting phase. With fields aloaty an

Origin of the Spin-Canting and Metamagnetic Transi-
tion with H // b. The spin canting was first realized by
Dzyaloshinsky in a phenomenological studyoefe0s, and
a firm theoretical basis was given by Morif& 2! It has
been widely investigated for many compounds, and observed
for several metatazido systems. Generally, spin-canting can
arise from two different sources. The first one is due to an
antisymmetric component of the superexchange interaction
(Dzyaloshinsky-Moriyainteraction, DMI). The second one
is the existence of an anisotropy causing a different
preferential direction for the magnetic moments of ioasd

The quantityDj; is the DM vector. This coupling acts to cant
Ghe spins because the coupling energy is minimized when
the two spins are perpendicular to each other. It has been
proved that the more anisotropic the system is, the more
important the canting will be, for the magnitude Bf can
be estimated to b;/J| = (g — ge¢)/g. Theg value used for
: this estimation is the one in the directiondf andge is the

@7 ('E‘)’rv\e,)éﬁm"e% Z??'Dg?kg"r?rl')”_'LFF;EIQZ_S'RE_‘H;ZZQ&% gég:gg& free electrorg value,g. = 2.0023. From the fitting of the

(c) Simkin, D. J.; Bernheim, R. APhys. Re. 1967 153 621-623.  susceptibility along thé axis using the CurieWeiss law,

(Ed) éﬁi'iﬁﬁfm%h;éf’g‘g'bga oTe,eess;?’zlAz' 4'\6'5 asnlébr?arf'elr_éh ?egsotsrfg‘rz'i'r';_ gb(cant|ng)= 2.028 |s.obta|ned. Thus we can estimate that
(28) Kurmoo, M.; Rehspringer, J. L.; Hutlova, A.; D’Odas, C.; Vilminot, the magnitude ofD;/J| is about 0.013. As compared to some

S, Estourhg_, C.; Niznansky, DChem. Mater2005 17, 1106-1114. other values reported (e_gg (— ge)/g ~ 1073 for o-Fe0s
(29) Petrakovskii, G.; Velikanov, D.; Vorotinov, A.; Balaev, A.; Sablina, and MHCQ),ZO this value is quite Iarge and can lead to an

K.; Amato, A.; Roessli, B.; Schefer, J.; Staub, IJ.Magn. Magn. ) )
Mater. 1999 205, 105-109. observable spin-canting.
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Figure 11. Temperature dependence of the canting amgbé 1.

It has been shown that the free energy & 0 K will be
minimal when the canting angle is equal to (1/2)arctg-
(ID§/31).%° Thus, we find the canting anghe at 0 K to be
about 0.37. Experimentally, we can estimate the canting
angle from theMP(H) measurements (Figure 6a). For the
WF state aboveéd?, the spontaneous magnetizatidvig)
is determined by extrapolating thd®(H) data in the high
field region down to zero. The canting anglés then related
to Mg andMs through sing) = Mgr/Ms.3! With our data, the

Wang et al.

only about 0.00012, 4 orders smaller than the experimental
result. Consequently, the DMI dominates the spin-canting
in 1, similar to another M&i compound (GH-NH3),MnCl,.%°

We now discuss the critical field for the metamagnetic
transition in theb direction and the interlayer couplink”.
Recall that before the transition, the spins in one layer have
their net moments alongrb, whereas those in the adjacent
layers are along-b. The total energy of all the spins can be
deduced from eq 4:

otal

E,+ NF'S (6)
whereE, represents all the other energy contributions that
will not change withHP. The Zeeman term&; = —1/
2NuggSH siny due to the adjacent layers cancel each other.
After the transition, there is a net moment aldmgNow

Eiora = Eo = NJ'S’ — NuggSH siny (7)
The sign ofJ® term has changed because the nearest spins
in the a* direction have reversed during the metamagnetic
transition.

temperature dependence of the canting angle is obtained By equating these two energies, we obtain

(Figure 11). Extrapolating the data To= 0 K, we havey
= 0.42, being close to the value 0.3&stimated above. This
temperature dependenceyofeveals the increase of the order

parameter with decreasing temperature. Similar behavior with
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a change in the direction of the moments has been observed

in [Mn3(OH)(SQy)»(H20),], but it was attributed to the
frustration in the Mag trimer in the moleculé?
Let us now consider the possible contribution of the local

From the phase diagram in tie-H® plane, we can estimate
HL(0 K) = 1180 Oe, and/(0 K) = 0.42. The interlayer
coupling %) is then calculated to be § 104 cm™?, which

anisotropy to the spin-canting. This mechanism occurs whenis 3 or 4 orders smaller than the intralayer exchange coupling
the local coordination polyhedra of the magnetic ions are (J), reflecting the two-dimensional character bof

tilted with respect to each oth& As discussed before, the
long axes of the adjacent Mn octahedra are tilted. So,
symmetrically it may contribute to the spin-canting in

Another feature ofl in the metamagnetic transition is the
square hysteretic loops observed in M@H) curves. Itis a
manifestation of the first-order phase transition and simply

What we need to consider now is the anisotropy energy andmeans that the magnetic moment jumps from “up” to

its influence on the spin-canting. Two contributions to the

“down”. In a thermodynamic sense, the jump fréfrto —M

total anisotropy energy exist: one arises from the dipolar happens exactly al = 0 since the energies of these two

interaction, the other is due to the single ion anisotropy.

states are equal minimum at this point. Interestingly, the

Based on our data, we cannot at present calculate themsquare hysteretic loops ihare centered atl = [(HP)yp +
separately. Fortunately, we can reasonably estimate the(H)qowr/2, rather thanH = 0. As discussed above, what

anisotropy field Ha) from the spin-flop transition with field
alonga* (vide post). The results até, = 0.2 kOe andHg
= 387.8 kOe Kk is the exchange field defined blg = 2|J|S
gus).*** The canting angley from this mechanism is
estimated as follow®

%HA sin 29

¥~ 2H. + H, cosf ©)

where0 is the angle between the anisotropy field and the
a* axis. For eq 5, the maximum of the canting anglés
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happens during the metamagnetic transition is that half of
the net moments in the axis rotate 180 to follow the
direction of the field. This is similar to the situation with
the loops centered &t = 0, except for the influence of the
interlayer couplingd®, which lifts the total energy of the
system.

Concerning the origin of spin-canting, we would like to
argue the relationship of this phenomenon to the chemical
character of the bridging ligands. At the very beginning,
canting was observed mostly in some AF materials with spins
coupled through a single-atom bridge such as Q@Qg%),

Cl (CsCoCk2H,0%2b), S (3-MnS*), Br (CoBr-6D,0%) etc.
Provided that the angle of MX—M is away from 180, the
single-atom X will always exclude the inversion center

(33) Keffer, F.Phys. Re. 1962 126, 896-900.
(34) Hijmans, J. P. A,; de Jong, W. J. M,; van den Leeden, P.; Steenland,
M. Physical973 69, 76—86.
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Figure 12. Proposed spin configuration and the phase transitions based on the magnetic data. (a) Hidden spin-canting structure with the easy*axis along
and canting alondp. (b) Weak-ferromagnetic state with net moment albnafter the metamagnetic transition. (c) Spin-flop state with spins abtong

between the bridged two spins and will allow the spin-canting SF transition 80 K can be written &gt

symmetrically. Similarly from the symmetrical point of view,

the canting was also frequently observed in AF materials dM® /dH(0) = Md/(2Hg — H,) (11)

bridged by some three-atom bridges such as,R4ad

HCOO" %" and N(CN)~(of 1,3 modej** because of the  gma"/dH can be obtained by the differential b-H" curve

noncentrosymmetrical nature of these bridges. Thus, it might petweenHsr and He and the zero-temperature value is

be a reasonable approach to construct the spin-cantethptained by the extrapolation. Thus, we hawd¥ddH(0) ~

molecule-based magnetic materials by considering the bridgesp 0065.5/kOe andHsH0) = 12.68 kOe. The anisotropy field

with no inversion center. . o is then estimated ada = 0.2 kOe and the exchange field
Spin-Flop Transition with H //'a*. Upon application of - _ = 387.8 kOe from egs 9 and 11. If the zero-field splitting

a field parallel to the preferred axis of sublattice magnetiza- 4ione contributes to the anisotropy fieith, the zero-field

tion of an antiferromagnet, a competition is set up between parametefD] is estimated to be 0.005 crby usinggusHa
the strength of the external field and the internal exchange — 2|D|(S — 1/2). The ratioe. = Ha/He, a relative measure

field He. For an antiferromagnet with weak anisotropy, when ¢ the ideality of the isotropic exchange interaction, is
H reaches a critical fieltisr, the antiparallel magnetizations  gstimated to be & 10-%. From eq 10, the critical fielt.-

on the two sublattices flop from the direction of the easy- (0) is estimated alsl¢'(0) = 775.8 kOe. With equatioble =

axis to that perpendicular to4¢! A further increase of the 213)S/qus, we can also get the intralayer exchange coupling
field to H¢' will totally align the spins to the direction of the = —3.61 cmL, which is in good agreement with the values
field, which makes the system to the saturated paramagnetiypained before. One should notice the treatment on the spin-

state. In the molecu'Iar field model, the critical fieldsTat flop transition may not be fully applicable due to the hidden
0 K, HSF(O)' anq Hc' (0) are related tHe and Ha by the spin-canting and the values we have are of somewhat
following equations:!! uncertainty.

Hg{0) = (2HgH, + H A 9) _When the applied field is along thedirection, perpen-
dicular to the easy-axa* and the net moment alor) there
H./(0)=2H — H, (10) is simply a smooth boundary separating &feandP phases.

This is the reason that there is no observed spin-flop phase
Furthermore, the differential susceptibilitid’/dH after the transition alongc.
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Spin Configuration. Now it is possible to propose a External fields alondp can successfully overwheld and
reasonable picture of the spin arrangement that is consistenturn the system to a WF state through a first-order meta-
with the present structural and magnetic results, althoughmagnetic transition. On the other hand, the fields alahg
neutron diffraction study is needed to confirm this picture. can induce a spin-flop transition. Careful magnetic measure-
These results have revealed a two-dimensional spin systemments upon single crystal Gfenable us to give the magnetic
Such spin arrangements before and after the critical fields phase diagrams in both tie-H2" and theT—HP planes and
applied along the@* andb directions are depicted in Figure suggest the magnetic structures before and after the transi-
12. In the AF state before the transition, the spins in each tions belowTy. The origin of the hidden spin-canting is
layer align almost along* with a small canting angle proved to be the antisymmitric superexchange interaction
about 0.4, which is enlarged in the figure for clarity, leading (DMI). The exchange fieldHg), the anisotropy fieldHla),
to a small net moment alonyg The AF coupling between  the intralayer couplingd), the interlayer exchange coupling
the layers causes the antiparallel of the net moments in(J*), and the anisotropy parametex)(are estimated to be
adjacent layers and thus leads to the AF ground state. WherHg = 387.8 kOeHa = 0.2 kOe,J = —3.35(1) cm'?, J** =
the external field is along thé axis, a certain field 6 x 10%cm™?, ando =5 x 1074, respectively. Our data
overwhelms the interlayer AF coupling, rotates 180 spins show thatl is a good example of the 2D Heisenberg
of one layer, and leads to a metamagnetic transition from magnetic system.
the AF to the WF state. On the other hand, when the external Although the detailed magnetic measurements on the
field is along thea* direction, which is parallel to the spin  single crystal ofl have given a lot of credible results of its
arrangements in the AF state, the spins flop from @he magnetic properties, there still remains a lot to do. The heat
direction to thebc plane to be perpendicular to the external capacity, the EPR, and the neutron diffraction on a single
field. crystal are needed to fully characterize the phase transitions

and exactly determine the magnetic structures. Works along
Conclusions these directions are now under the way.
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